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Abstract:  The majority of the research that has been carried out in the field of process intensification 
concentrated primarily on the feasibility of the underlying concepts and the resulting benefits in terms of 
productivity and efficiency, whilst little has been done to investigate the control and operation of 
intensified units. This contribution provides an overview of the potential difficulties encountered in 
controlling intensified processes. The investigation is focused on controlling pH in a spinning disc reactor 
(SDR), as an example of an intensified reactor technology, using a classical Proportional Integral (PI) 
controller. The simulation studies show that a PI controller applied to an example intensified system yields 
superior setpoint tracking performance in terms of Integral of Absolute Error (IAE), compared to that 
achieved in a conventional system. However, the controller performance in the intensified system suffers 
from high overshoots which may be considered unacceptable for many processes. The results also show 
that the PI controller applied to control pH in a simulated SDR provides poor performance in the presence 
of large time delays.  Two approaches of including a ‘pH Characteriser’ and a ‘Disturbance Observer’ 
(DO) are examined to compensate for the pH process nonlinearity. The characteriser is successful in 
suppressing the limit cycles observed in the pH response whilst the DO scheme marginally improves the 
disturbance rejection performance of the PI controller in terms of IAE.   
Keywords: process intensification, spinning disc reactor, pH control, PI controller, pH characteriser, 
disturbance observer. 
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1 Introduction 
Process intensification involves the development of novel equipment and processing methods which 
lead to cheaper, smaller, safer and more sustainable technologies [1, 2].  The spinning disc reactor (SDR) 
is a classical example of successful process intensification, with many capabilities and features [3-5]. 
Although there is much literature on intensification aspects of SDRs, in terms of enhancement of reaction 
rates and improvements in yield and product selectivity [6-11], very little has been done on devising 
appropriate control strategies for the unit. This contribution provides an overview of the potential 
difficulties encountered in controlling intensified equipment. The investigation focuses on controlling pH in 
a SDR when it is used as a neutralisation unit.  
SDRs are particularly suited for carrying out reactions with inherently fast kinetics whose rates are 
impeded in most conventional reactors, due to the heat and mass transfer limitations of the latter 
systems. Therefore, the neutralisation of a strong acid (HCl) with a strong base (NaOH), which is 
inherently fast, is selected for the purpose of the current study. The underlying issue in devising control 
systems for intensified processes is that the control algorithm should be as simple as possible in order to 
speed up the industrial acceptance of such novel processing tools. Intensified equipment may not be 
considered commercially viable if sophisticated and complex control schemes, which are difficult to 
implement, are required to achieve satisfactory control performance. Therefore, the aim of the present 
study is to achieve the control objectives by a Proportional Integral (PI) controller which is the most 
commonly used controller in industry.  
2 Control of Process Intensified Systems 
Process control is essential to ensure that the system is operated safely and the product quality 
specifications are met. Control systems are also required to ensure that waste discharges to the 
environment are minimised.  Although some compelling advantages of intensified systems have been 
demonstrated, there is concern that existing control strategies and instrumentation may not provide a 
satisfactory performance when applied to such processing units. The potential issues, which are 
discussed next, certainly call for more investigations into the control and operation of intensified 
equipment.  
2.1 Potential Difficulties 
Shukor et al. [12] conveniently categorise the challenges of controlling intensified units into two 
groups. The first category consists of issues arising from integration of a number of process unit 
operations into one unit; whilst the second group relates to difficulties encountered in the control of low 
volume equipment due to the high responsiveness and fast dynamics of such units. The latter group 
forms the main focus of the present contribution.  
2.1.1 Multifunctional Equipment 
Synergy is one of the fundamental principles of process intensification, yet the use of multifunctional 
equipment is still limited due to problems with control and simulation of such units. For instance, reactive 
distillation introduces more complex behaviour including strong interactions of different process quantities 
and the presence of multiple steady states. Consequently, dynamic modelling, design, operation and 
control of multifunctional units become more challenging tasks [13, 14], which may require a more 
elaborate automatic control scheme [15]. Another issue with multifunctional units is that the availability of 
measurement information and the number of manipulated variables are reduced. For example, if a reactor 
outlet is fed to a distillation column via a pipe, the flowrate, temperature and even composition of the 
stream can be measured. The measured information may then be used in feedforward control of the 
column. However, if the reactor and column are integrated, no information on the distillation feed can be 
obtained, thus the degrees of freedom available for control are reduced.   
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2.1.2 Miniaturised Equipment   
One of the primary objectives of process intensification is to dramatically reduce the equipment 
size/capacity ratio. Consequently, the residence time of intensified units are significantly shorter 
compared to conventional equipment. This may introduce unprecedented challenges in the operation and 
control of such systems; for example, sensors and actuators commonly used in industry (see Table 1) 
may be too slow in contrast with the very quick response times of low volume equipment.  
Smaller equipment sizes also result in reduced inventories and holdups, thus faster dynamics. This 
means that disturbances can cause rapid changes within the system, leading to larger deviations in 
process variables. As a result, safety and product quality may be compromised. Luyben and Hendershot 
[16] demonstrated the  negative impact of faster dynamics on control performance via simulation 
examples.  
In designing control systems for conventional processes, instrumentation dynamics are often 
neglected, as the relatively slow process dynamics are dominant. This simplification, however, is not 
justified for intensified systems, as process and instrumentation dynamics are often of the same order of 
magnitude. The result is that the order of the system is increased; hence, most commonly used model 
based PID (Proportional Integral Derivative) controller tuning methods may no longer be suitable for 
intensified systems. However, simulation work carried out by Jones and Tham [17] suggests that 
simplifying the process model by truncating high order terms does not compromise the controller 
performance. The authors conclude that the IMC (Internal Model Control) approach can still be employed 
to derive appropriate settings for classical/industrial PID algorithms for application to intensified 
processes. Visioli [18] provides a useful overview of different model based PID tuning methods for high 
order processes.  
Shukor [19] employed the ‘Direct Synthesis’ method [20] to design a controller for a simulated 
intensified system. The methodology revealed that the closed loop performance deteriorates 
exponentially as the transmitter time constant and process delay become larger.  
Figure 2-1 illustrates the setpoint tracking performance of a PID controller applied to a simulated 
conventional and intensified system. The dynamics of the actuator, transmitter and process were chosen 
as first order transfer functions with unity gains. The time constants of the actuator and transmitter were 
selected as 0.2 time units. The time constant of the conventional and intensified systems were selected 
as 10 and 0.1 time units respectively. This 100 fold reduction of the process time constant is a reasonable 
approach for simulating the fast dynamics of intensified systems in comparison with their conventional 
counterparts. A measurement delay of 1 time unit was also included in the simulation. The PID controller 
settings were obtained by using the direct synthesis design method and truncating the high order terms. 
It can be observed that the output response of the “conventional system” with dominant process 
dynamics is overdamped. In contrast, the output response of the faster, “intensified system” exhibits 
overshoots of approximately 40%, which are higher than the usually acceptable levels of 10-20%. 
However, the PID controller provides superior performance in terms of IAE (Integral of Absolute Error) for 
the intensified system (IAE=10) compared to the conventional system (IAE=25).  This is because the 
output response of the intensified system has a shorter rise time than the slower, conventional system.   
2.2 Control of SDRs 
Effective control of SDRs may be challenging due to their fast dynamics and short residence times, 
for example because the conventional sensors and actuators may be too slow, as discussed in section 
2.1.2. However, some key features of SDRs may prove to be advantageous from a control point of view. 
For example, the rotational speed of the disc offers an extra degree of freedom in control system design, 
since the residence time and mixing intensity, thus conversion, may be controlled by adjusting the 
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rotational velocity, instead of more commonly used methods of varying reactant flowrates. Further, in 
conventional reactors, mixing limitations may introduce large lags in implementation of the controller’s 
command. On the other hand, the enhanced mixing achieved in a SDR may ensure that the controller’s 
corrective action brings the controlled variable back to the setpoint value with practically no delays. 
Moreover, the enhanced heat transfer characteristic of a SDR could enable tight and rapid temperature 
control of the liquid film on the disc surface which is likely to be highly beneficial should there be any 
temperature fluctuations in the feed. 
In this study, the control of pH in a strong acid/strong base neutralisation reaction is chosen to 
facilitate the preliminary assessment of control in a SDR. Hence, the characteristics and difficulties of pH 
control are briefly outlined next. 
3 pH Control 
pH control is often a challenging task due to both nonlinear and time varying characteristics of the 
system. The nonlinearity is due to the logarithmic relationship between pH and hydrogen ion 
concentration, generally defined by S shaped titration curves, whilst the time varying nature is due to the 
changes in buffering capacity of the system with time. The degree of nonlinearity is markedly increased 
when only strong acids and bases are present. Numerous strategies, of varying sophistication, have been 
proposed for effective pH monitoring and control [21-23].The majority of the work available in the 
literature suggests that advanced control strategies which are both nonlinear and adaptive are required to 
account for the nonlinear and time varying characteristics of pH systems. However, despite the advent of 
many advanced control strategies, controllers based on the simple PI/PID algorithm are still widely used 
in industry. Thus, it may be more desirable to employ a PI/PID controller to regulate pH. However, the 
challenges of pH control using such linear controllers are widely recognised, and several approaches 
have been proposed to address the corresponding problems. Shinskey [24] offers a simple solution by 
adding a ‘characteriser’ or a complementary nonlinear function in the path of the pH measurement and 
the set point, with the objective of linearising the loop. Disturbance observers (DOs) have also been 
reported to suppress the effect of nonlinearity and limit cycles in a class of nonlinear systems [25, 26]. 
The present contribution explicitly examines the effectiveness of these techniques in suppressing the 
impact of the pH system nonlinearity in a simulated SDR system. These two methods of compensating for 
the system nonlinearities are discussed next.  
3.1 pH Characteriser  
The pH characteriser [24] is the titration curve rotated, as shown in Figure 3-1b. The X-axis of the 
characteriser is the measured pH and the Y-axis is the normalised ratio of base to acid stream flowrates. 
The characteriser is placed in the path of the pH measurement and the setpoint in order to linearise the 
loop by cancelling out the nonlinearity of the titration curve, as shown in Figure 3-2, where the actuator 
and measurement dynamics are combined with that of the process (see section 4.2). In essence, the 
characteriser converts pH values into the equivalent ratio of base to acid, which is linear with the 
manipulated variable, i.e. reagent demand.  
3.2 Disturbance Observer 
The Disturbance Observer (DO) concept was originally presented by Ohnishi [27]. The approach 
uses the inverse of the nominal plant model to estimate disturbances and cancel them subsequently. DOs 
are commonly used to improve the disturbance rejection capabilities of mechatronic servo control 
systems [28, 29]. It has also been demonstrated that DOs have the ability to suppress system 
nonlinearities [25, 26]. This paper investigates the effectiveness of DOs in dealing with the nonlinearities 
encountered in pH control via simulation. Thus, the design and implementation of a DO for the purpose of 
the current study are outlined next.  
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Figure 3-3 shows the general structure of a disturbance observer which closes an inner loop around 
the controlled plant, Gp(s). The output signal, y, is passed through the inverse of the nominal plant model, 
Gn
-1
(s), to estimate and subsequently reject the disturbance, d. The signal, c, is usually provided by an 
outer loop controller, e.g. a PID. Therefore, the DO provides one degree of freedom within a two degrees 
of freedom control structure. The design involves specification of a low pass filter, Q(s), such that Q(s) / 
Gn(s) is realisable, followed by choosing the filter parameters to provide a balance between disturbance 
rejection performance versus stability robustness [30].  
Analysis of the DO loop yields the following relationships between signals c, d and y:  
           (1) 
           (2) 
The DO structure can also be represented in the equivalent format shown in Figure 3-4, which is more 
practical to implement.  
For the pH control system under investigation, the process is essentially a combination of its titration 
characteristics and the neutralisation reactor dynamics, as shown in Figure 3-5.  
The nominal plant model is assumed to be accurate, hence:  
                                   (3) 
where, kp is the process gain or the slope of the titration curve.  
For Q(s) / Gn(s) to be realisable, the relative degree of the low pass function, Q(s), needs to be at 
least one. In the present study, Q(s) is specified as a first order filter:  
                    (4)
  
The filter time constant, τf, is selected to be equal to the process time constant. Note that no attempt was 
made to optimise the filter design at this stage.  
4 pH Control in a SDR 
A number of step tests were carried out in an experimental SDR unit in order to estimate the 
dynamics of the system. The resulting model determined from these tests would allow analyses of the 
dynamics and interactions within the system and hence provide a platform for the specification and 
testing of suitable control schemes via simulation. 
4.1 Apparatus 
The apparatus used to carry out the input output tests consisted of two feed vessels containing 0.1M 
solutions of HCl and NaOH, two pumps, the SDR unit which is comprised of a 16cm diameter 
temperature control smooth disc and a pH probe. The schematic diagram of the rig is shown in Figure 4-
1. 
The acid and base streams were pumped into a well in the centre of the disc. As the disc rotates, the 
well acts as a reservoir which enables even distribution of the feeds across the disc surface. Under the 
action of high centrifugal fields, the liquid travels rapidly towards the edge of the disc and forms a very 
thin, highly sheared film. The two streams are mixed on the disc and reach a uniform temperature as 
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shown in Figure 4-2, whilst the reaction starts as soon as the two feeds come into contact at the disc 
centre. It is expected that the reaction will be completed before the liquid film leaves the disc surface. 
At the disc periphery, the liquid is thrown out and hits the stationary walls of the reactor housing 
before flowing to a product receiver under gravity. The product continuously passes through a sampling 
cell which holds the pH probe. The process output, i.e. effluent pH, was recorded for the duration of the 
tests, using a LASCAR electronics data logger (model El-USB-4) connected to a Mettler Toledo pH 
transmitter (model M300).  
4.2 Input Out Model 
The input output model was determined by introducing step changes in the base stream flowrate 
(manipulated variable), in an open loop configuration with no controllers present, whilst the acid stream 
was kept at a constant flowrate. The flowrate of the base stream was increased and then subsequently 
decreased from a baseline, aiming to capture any direction dependent characteristics that might prevail in 
the system. In these tests the disc speed was set to 750 rpm and its temperature was controlled at 25°C. 
The variations in the effluent pH as a result of step changes in the base stream flowrate are 
presented in Figure 4-3 which shows that the pH response is asymmetric even though the step changes 
are symmetrical. It can be seen that the pH responses are different depending on the initial state of the 
system when the step change is applied and also on the direction of the step change. For instance, the 
system gain is higher when the base flow is increased, compared to when it is decreased. In addition, pH 
responds faster to changes that are introduced when the output is at the equivalent point.  
The input output data were imported into MATLAB/Simulink and fitted to a first order transfer function. 
A delay free model was selected as in this set of tests it was not possible to accurately measure the 
actual time delay in the system. The process gain and time constant were adjusted until the integral of 
absolute error between the experimental data and the output response of the fitted model reached a 
minimum value. The process model describes the combined dynamics of the actuator (base stream 
pump), neutralisations reactor (SDR) and measurement device (pH electrode) as presented below: 
         (5) 
4.3 Simulation Results 
Applying the direct synthesis method to a first order plus delay process model leads to a PI controller 
of the following form: 
        (6) 
Where, λ is the tuning parameter, typically taken as a fraction of the process time constant. 
To evaluate the performance of a PI controller for pH control in a SDR neutralisation reactor, with and 
without nonlinear compensation, the following four control schemes are considered: 
1. PI controller 
2. PI controller with characteriser  
3. PI controller with disturbance observer 
4. PI controller with characteriser and disturbance observer  
The simulation studies are carried out using Simulink, wherein the process is modelled as the titration 
characteristics in series with the system dynamics, as shown in Figure 3-5. The control objective is to 
maintain the pH of the effluent stream at the neutral point of 7, by manipulating the base flowrate. The PI 
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controller settings are obtained from equation 6 with λ equal to one tenth of the process time constant. A 
disturbance is introduced at t = 10s by a 10% increase in the acid stream flowrate.  
The titration curve which is based on the experimental data presented in Figure 3-1a, is implemented 
using a ‘Lookup Table’ block, whereby the input data are the ratio of base to acid flowrates and the output 
data are the corresponding values of  pH. A disturbance load may be implemented as an input or output 
variable, outlined in numerous control text books [31, 32]. If the disturbance is represented as an output 
variable, a transfer function to describe the dynamics between the disturbance and the effluent pH, in 
series with another titration curve is required. Modelling the disturbance as an input variable is more 
appropriate in this study, as both the manipulated variable and the disturbance determine the value of the 
effluent pH. This is because a change in the acid flow which represents a disturbance, affects the 
neutralisation capacity of the control signal. This implies that the effective gain of the process varies 
depending on the magnitude of the disturbance. Therefore, modelling the disturbance as an input 
variable, as shown in Figure 3-2, is the same as implementing a disturbance along with specified 
dynamics and another titration curve, downstream of the process.  
As previously mentioned, the actual time delay present in the system could not be accurately 
measured by the input-output tests; therefore a delay free model was adopted. Nevertheless, delays in 
transmission of measurement/control signals as well as delays in transportation of process fluid 
commonly occur. The rather large response time of the pH probe (20 seconds) may also contribute to the 
overall delay. It is expected that time delays have a more predominant negative impact on control of 
intensified systems compared to that achieved in a conventional system. This is attributed to the faster 
process dynamics manifested in the former. In the present study two rather arbitrary values of time delay: 
1s & 5s are tested via simulation, aiming to demonstrate the effect of time delay magnitude on control 
performance for a typical intensified system with fast dynamics such as a spinning disc reactor. Figure 4-4 
shows the effluent pH responses and the corresponding values of IAE for the four control strategies 
described above, with a time delay of 1s.  In all cases, the PI controller brings the controlled variable to 
the desired setpoint. The best controller performance in terms of disturbance rejection is provided by the 
PI controller plus the DO scheme as indicated by the lowest value of IAE. The control strategies including 
a characteriser provide inferior performance due to the large initial deviations from the setpoint and a 
sluggish response.  
Figure 4-5 shows the performances of the control schemes when the time delay is equal to 5s. The 
performance of the PI controller without nonlinear compensation is unsatisfactory as the effluent pH limit 
cycles within ±1pH of the desired value. Addition of the DO scheme fails to suppress the sustained 
oscillations in the output response and only marginally improves the disturbance rejection performance in 
terms of IAE values. The characteriser method in contrast is successful in eliminating the limit cycles in 
the controlled variable; however, the responses of the two cases including a characteriser are very 
sluggish with large initial deviations from the setpoint. 
These results reinforce Shukor’s findings [19] that the closed loop performance of a PID controller 
applied to an intensified system deteriorates as the process time delay increases.  
The controller for each case may be fine tuned to achieve the optimal performance. However in the 
present study the initial settings obtained from the direct synthesis method were used for all schemes to 
provide a benchmark for comparison between the tested strategies. Different adaptations of the DO 
scheme which account for the time delay have also been proposed [30] which may improve the 
performance of this scheme. Other filter designs along with tuning of the filter time constant might also 
enhance the performance of the DO strategy. These are the subject of ongoing investigations.   
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5 Conclusions 
In this study, the potential difficulties encountered in the control of intensified equipment were 
outlined. The simulation studies showed that a PID controller applied to an intensified system yields 
superior setpoint tracking performance in terms of IAE, compared to that achieved in a conventional 
system. However the controlled output of the intensified system suffered from high overshoots. 
pH control of a neutralisation reaction carried out in a SDR was selected for a more detailed 
investigation into the control aspects of such intensified equipment. pH control is often a challenging task 
due to the nonlinear and time varying nature of the process and it is widely appreciated that controllers 
based on linear algorithms such as PI/PID may not provide satisfactory performances. The results 
showed that a PI controller applied to control pH in a simulated SDR results in a poor performance when 
the process time delay is large. The results show that addition of the characteriser was successful in 
suppressing the limit cycles at the expense of a more sluggish response. The DO scheme marginally 
improved the disturbance rejection performance of the control loop in terms of IAE values whilst it was not 
successful in suppressing the limit cycles.  
6 Future Work 
More investigations in optimising the DO scheme for the present control task need to be carried out. 
The next phase in studying the control aspects of a SDR is to verify the simulation results by online 
application of the control strategies outlined in this paper to an experimental SDR unit. The full 
assessment of relative merits of using the disc rotational speed as the manipulated variable (instead of 
the reagent flow) is also of particular interest for future studies.  
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Table 1. Instrumentation response times [1] 
Loop element Typical response time 
Signal transmitter 1-5s (pneumatic) 
Instantaneous (electrical) 
Signal converter 0.5-1.0s 
(electronic to pneumatic) 
Final control element 1-4s 
Thermocouple Almost instantaneous (bare) 
5-20s (in thermowell) 
Flow, pressure, level sensor Several seconds 
Analysers 5-30 minutes or longer 
 
 
 
Figure 2-1 Setpoint tracking performance  
 
 
 
 
 
Figure 3-1 a) Experimentally determined titration curve, b) The Characteriser 
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Figure 2-2 Characteriser implementation 
 
 
 
 
Figure 3-3  Disturbance Observer 
 
 
 
Figure 3-4 Disturbance Observer (practical representation) 
 
 
 
 
 
Figure 3-5 The pH Process 
 
 
 
 
Controller
d
+
+
+
_
Titration Curve
Characteriser 
Process
Setpoint
 
)(sGp
)(1 sGn

)(sQ
c u
d
y
+
_
_
+
+
+
 
)(sGp
)(1
1
sQ
c u
d
y
+
_
+
+
)(
)(
sG
sQ
n
1
1
sp
Titration Curve Reactor Dynamics
Gp
This is the peer-reviewed accepted manuscript version of the published paper: 
Ghiasy, D., Boodhoo, K.V.K., Tham, M.T, Control of intensified equipment: A simulation study for pH control in a spinning disc 
reactor, Chem. Eng. Process., 55, 1-7 (2012) DOI: 10.1016/j.cep.2012.02.009   
 
 
Figure 4-1 Schematic diagram of the rig [1) Watson-Marlow (323 E/D) peristaltic pump 2) Cole-Parmer gear pump 3) NaOH 
solution feed vessel 4) HCl solution feed vessel 5) SDR housing 6) Stainless steel, smooth disc with internal heating/cooling 
capabilities, diameter: 16 cm, speed: 200 – 4000 rpm 7) Product receiver 8) Sample cell 9) Mettler-Toledo pH probe (InPro 
3253i/SG/120) 10) Waste collector 11) Heater unit 12) Computer control system] 
 
 
 
 
Figure 4-2 Thermographic image of the liquid film on the SDR [disc speed: a) 500 rpm b) 2000 rpm] 
 
 
 
Figure 4-3 Input-output test 
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Figure 4-4 pH control (θ = 1s) 
 
 
 
Figure 4-5 pH control (θ = 5s) 
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